We propose a 3-D hysteresis piecewise-constant circuit. The circuit consists of linear capacitors and nonlinear voltage controlled current sources. This circuit is extremely simple, but exhibits interesting bifurcation phenomena. The righthand side of the state equation is piecewise-constant, hence the system dynamics can be simplified into a piecewiselinear return map. Using the return map, the bifurcation phenomena are clarified almost completely.
In this paper, we consider a 3-D hysteresis piecewiseconstant system family (ab. 3HPWC). This circuit is a extremely simple example of piecewise-constant circuits [7] . The circuit consists of two linear capacitors and two kinds of nonlinear voltage controlled currents sources (ab. VCCSs). The first VCCS has Signam-like characteristic and the second one has hysteresis. These VCCSs can be realized using operational tranceconductance amplifiers (OTAs) that is well suited for realization on a chip.
In order to generate chaos, stretching and folding mechanism are important. Roughly speaking, the stretching is realized by switching of the Signam-like VCCSs and the folding is realized by switching of the hysteresis. On our conventional hysteresis chaos generators [4]-[GI, the hysteresis has realized the folding mechanism by switching of the equilibrium points. However the hysteresis of 3HPWC is not the controlling equilibrium points, but vector field itself thus 3HPWC has a novel chaos generating mechanism.
Because of the Signam-like and hysteresis characteristics, the righthand side of the state equation is piecewiseconstant, hence the trajectories are piecewise-linear in the state space. Also switching thresholds of nonlinear VCCSs are piecewise-linear. Because of these piecewise-linear characteristics, the system dynamics can be simplified into 1-D piecewise-linear return map. On piecewise-linear systems [4]-[GI, the analysis has not been easy because the return map has singular point(s). However the 1-D piecewiselinear return map of this work has no such singular point. Therefor the 3HPWC is well suited for theoretical analysis. The 3HPWC can exhibit some periodic attractors, chaos and so on. Using the 1-D piecewise-linear return map, the bifurcation phenomena are clarified almost completely.
A 3-D HYSTERESIS PIECEWISE-CONSTANT CIRCUIT
We introduce a 3-D Hysteresis Piecewise-Constant system. The system dynamics is described by the following state equation:
(1 1 where . denotes differentiation by normalized time 7 and 1% is a hysteresis as shown in Fig. 1 0. This system has tu-o parameters n and p . For simplicity,
we focus on the range n > 1 and p < 0. In order to analyze the system behavior, we recast the system dynamics (1). First we introduce a dummy variable z E (0, l} in order to describe the switching of h: z = 1 for h = p , z = 0 for h = 0. Using constant vectors a , and subdomains D, defined in Table 1 , we can recast the system dynamics (1) as the following. Table 1 : a , and D,
exit be represented by E-Yij. For instance (see Fig. 4) , the trajectory on D4 must reach { ( z , z ) l y -arc = 0,: == 0 ) and moves to 4. In this case, we can find a n exit isfied. Similarly, we can find all the exits and can obtain a transition rule of vector field as shown in Fig. 5 .
Next we define a local map Tij from E X k , to EA7* j . The trajectory starting from E X k , moves on D, until it reaches some other exit. If the trajectory starting from E&, hits ES,,, then we can define the local map T,, from E X k , to 
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E X i j and it can be described as the followings:
where E X i j c {(a?, z)lnfj . (a? -a i j ) = 0) .
PIECEWISELINEAR RETURN MAP
In order to derive return map, we define a object L = { (2, z)(y = 0) as shown in Fig. 4 . Let a point on L be r e p resented by z coordinate, e.g.
Noting L = E X l 4 U EX32 U EXsl U EXsz, the trajectory starting from L must return to L as shown in Fig. 5 . Let xo be the starting point and let 2 1 be the reaching point.
( 5 )
Here, in order to consider the route from L to L, we define two points T~Q and Thl on L as shown in Fig. 4 . Let Tho be a point on L such that the trajectory starting from T l t~ hits a point ( : , 1,O). And let Thl be a point on L such that the trajectory starting from Thi passes through DZ + D6 and hits the origin. These points can be described by where o represents a composition of the maps.
First we consider the trajectory started from a point , zo 2 Tho. The trajectory moves on D4 (or 0 2 ) and hits
E X & (or EXZ1).
Then it passes through D3 (or 01) and returns to L.
Second we consider the trajectory started from a point 
T?6((zo, O ) t ) .
In likewise manner, we can obtain expressions of F1 and F3. Typical examples of F are shown in Fig. 6 . We enunierate some properties of the return map F as the followings.
(10) where DF denotes the derivative of F .
BIFURCATION ANALYSIS
In order to discuss bifurcation phenomena, we give some definitions. is ergodic and has a positive Lyapunov exponent [15] . this case, we say that F exhibits chaos.
'Finally we derive a bifurcation diagram as shown in I 7. From (9) and ( 1 , 2 , . . . , n = 1,2,3) can be described by only t parameters a and b, we can obtain the parameter cor tion theoretically. The condition is shown by a numbe in Fig. 7 . Similarly, we can obtain the existence condit for 2k-periodic attractor, k = 2,3,. . ., as the followings:
where xPo = o F2(xPo) and xpl = F;*(xPo). The parameter condition (11) is shown by a number 2k in Fig. 7 . In the region represented by diagonal lines in Fig. 7 , a co-existence of periodic attractors is confirmed.
On the other condition of periodic attractors existence, we can confirm that there exists some positive integer n such as IDF? > 1 on I. That is, F exhibits chaos on the condition as shown in Fig. 7 .
CONCLUSIONS
This paper considered 3-D hysteresis piecewise-constant circuit. The dynamics was analyzed by using mapping procedures. An implemented circuit was provided. Finally, we enumerate future problems: 1) approach to systematic analysis of piecewise-constant systems , 2) approach t o systematic design of piecewise-constant systems.
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